SUMMARY Cardiac sympathetic function was assessed by measuring the coronary sinus overflow ofnoradrenaline and dopamine at rest and during supine exercise in eight patients with high degree atrioventricular block treated with dual chamber pacemakers (DDD). Patients exercised (30-60 W) during both ventricular inhibited (VVI) and atrial synchronous (VAT) pacing. During exercise cardiac output increased less markedly in the VVI mode than in the VAT mode. The cardiac output response was entirely stroke volume dependent in the VVI mode and mainly heart rate dependent in the VAT mode. Coronary sinus noradrenaline concentrations were higher in the VVI mode at rest and during exercise. Noradrenaline overflow from the heart was enhanced during VVI pacing and increased from about 100 pmol/min (17 ng/min) at rest to 1087 pmol/min during exercise (60 W) in the VVI mode and 545 pmol/min in the VAT mode. Dopamine overflow from the heart was < 5 pmol/at rest but increased 2-5 fold during exercise. Also arterial concentrations of catecholamine increased more during exercise in the VVI mode, but the differences between pacing modes were less pronounced. Circulating adrenaline seems to be of little importance for cardiac function under these conditions; in healthy individuals the arterial concentrations of adrenaline attained in this study have small effects. Cardiac noradrenaline overflow correlated with pulmonary capillary venous pressures and atrial rates in both pacing modes, indicating a relation between cardiac sympathetic activity and cardiac function.
can only increase by a change in stroke volume, caused by increased contractility or by Starling mechanisms, brought about by enhanced venous return.
Sympathetic nerve activity helps to regulate heart rate and contractility in the normal and failing heart.78 Circulating adrenaline may contribute to the regulation of cardiac function, since small increases in arterial adrenaline concentrations can elicit mainly stroke volume dependent increases of cardiac output in human beings. 9 Sympathoadrenal mechanisms have been implicated in the cardiac adaptation to exercise under different pacing conditions,4" but cardiac sympathetic nerve activity and circulating 212 Sympathetic activity and pacing concentrations of catecholamine have not, to our knowledge, been measured during exercise in individuals on different pacing modes.
Plasma concentrations of noradrenaline are considered to be a good indicator of sympathetic nerve activity'0 and several studies of plasma concentrations of noradrenaline in the peripheral venous system have been performed to assess sympathetic activity in relation to cardiac function." Heart failure is associated with raised concentrations of noradrenaline in venous plasma at rest and during exercise."" Sympathetic nerve activity, however, is not uniformly regulated and may vary considerably between organs, and responses to various kinds of stress may also vary considerably between organs.'5 The heart contributes only about 3% of the noradrenaline in arterial plasma.'6 About half of the noradrenaline in antecubital venous plasma is derived from the forearm tissues and stress may influence sympathetic activity in these peripheral tissues and the heart quite differently.'7 Similarly, Fischer Hansen et al estimated that approximately half of the noradrenaline measured in coronary sinus plasma was derived from the heart.'8 Therefore, it seems reasonable that cardiac sympathetic nerve activity should be assessed in terms of noradrenaline overflow from the heart rather than by measurements of noradrenaline concentrations in peripheral venous plasma. '9 The present study was undertaken to evaluate the roles of cardiac sympathetic nerve activity and circulating catecholamines in patients with complete heart block treated with dual chamber pacemakers. Catecholamine concentrations in arterial plasma and the coronary sinus overflow of noradrenaline were measured at rest and during exercise with the pacemakers programmed in the atrial synchronised mode (VAT) or the ventricular inhibited mode (VVI) (that is at a constant heart rate). 213 
Patients and methods

PATIENTS
We studied eight patients (seven men) aged 66 Samples of blood (10 ml) were collected in ice-cold centrifuge tubes containing ethylene diaminetetraacetic acid to give a final concentration of 10 mmol/l. After centrifugation at + 4°C, plasma was removed and stored at -800C until analysis. Plasma concentrations of noradrenaline, adrenaline and dopamine were measured by high performance cation exchange liquid chromatography with electrochemical detection.21 23 The assay has a sensitivity of < 0.05 nmol/l and inter and intra assay coefficients ofvariation of 9-12%z at 0 1-02 nmol/l (that is basal adrenaline and dopamine concentrations) and 2-3% above 1 nmol/l (that is basal noradrenaline concentrations) and has been validated. 23 In one case adrenaline was not measured because of interference in the assay. In another case a couple of test tubes were broken during centrifugation.
Coronary plasma flow was calculated from individually determined haematocrit values. Noradrenaline overflow from the heart was calculated as the difference between plasma concentrations of noradrenaline in the coronary sinus and the arterial plasma multiplied by coronary sinus plasma flow. To correct for the removal of noradrenaline from arterial plasma by the heart, we calculated the extraction of endogenous adrenaline, which can be Pehrsson, Hjemdahl, Nordlander, Astrom used to assess the extraction of noradrenaline20242' and dopamine" in an organ. Thus a "corrected" difference in the plasma concentration of noradrenaline over the heart was multiplied by the coronary sinus plasma flow. This (7) beats/min. The atrial rate was lower during VAT pacing (p < 0-01) both at rest and during exercise. It increased from 65 (4) to 103 (5) beats/min at the highest work load (fig 1) . None of the patients had ventriculoatrial conduction during VVI pacing. Stroke volumes were 61 (3) ml in the VVI mode and 71 (5) ml in the VAT mode (p < 0 05) at rest and increased by 69% (p < 0-001) and 23% (NS by ANOVA) respectively during exercise. The difference in stroke volume response, as shown by the interaction term of the ANOVA, was significant (p < 0-001). The resulting values for cardiac output tended to be lower in the VVI mode at rest and were significantly lower during exercise (for example 6 1 ( 0 2) During VVI pacing cardiac output increased significantly less in response to exercise (p < 0.001 by ANOVA). Oxygen consumption was similar in the two pacing modes both at rest and during exercise (with increases from approximately 250 to 1000 ml at standard temperature and pressure (dry) per minute in both modes). Consequently, the arteriovenous oxygen concentration differences were significantly (about 10-15%) larger throughout the experiments in the VVI mode (p < 0-001 by ANOVA; fig 1) . Coronary blood flow increased during exercise, but these values were similar for the two pacing modes (fig 2) . 'Fable 2 Mean (SEM) catecholamine concentratiotns itn arterial (A) and coronary sinus (CS) plasma (n = 6-8), adrenaline extraction by the heart (n 5-7), and corrected noradrenialine and dopatmine overflowfrom the heart (n = 5-7). fig  3) . Cardiac noradrenaline overflow responses to exercise were significantly enhanced during VVI pacing (p < 0.01 by ANOVA). Dopamine overflow was less than 5,, of the noradrenaline overflow into the coronary sinus both at rest and during exercise and in both pacing modes. Dopamine overflow from the heart did increase (p < 0.01) during exercise and again the response during VVI pacing tended to be larger than that seen during VAT pacing (table 2, fig  3) . The difference in dopamine overflow was, however, not significant. In the calculations of noradrenaline and dopamine overflow shown in table 2, the removal of catecholamines from arterial plasma by the heart was assessed by the cardiac extraction of adrenaline, in order to obtain a more accurate measure of the cardiac contribution to noradrenaline and dopamine in the coronary effluent (see methods). In a few instances concentrations of adrenaline in the coronary sinus were slightly higher than in the arterial concentrations. Catecholamine extraction by 
The present investigation confirms previous observations"' that cardiac output is improved during exercise when VAT pacing allows heart rate to increase in response to the sinus node activity. The lack of ventricular rate responsiveness during VVI pacing is partially compensated for by an increased stroke volume response to exercise. The proposed explanation for the high atrial rate seen during exercise with VVI, as compared with VAT pacing (references 3 and 4 and present results) is an increase in sympathetic nerve activity. Indeed, an enhanced cardiac sympathetic response to exercise in the VVI mode would be a most appropriate way to increase contractility when demands on increased stroke volume are high.6 The present data clearly demonstrate that cardiac sympathetic nerve activity is enhanced during VVI pacing, especially when demands are increased by exercise. Thus coronary sinus noradrenaline concentrations and cardiac noradrenaline overflow values were higher in this pacing mode. It is noteworthy that the enhancement of sympathetic activity seen during VVI, as compared with VAT pacing, was greater in the heart than in the rest of the body. So cardiac noradrenaline overflow increased more markedly than arterial noradrenaline concentrations (by 404 v 119% at 30 W) during exercise in the VVI mode. Similarly, the enhanced atrial rate response to exercise was not accompanied by enhanced blood pressure or oxygen consumption in response to exercise during VVI, as compared with VAT pacing. Cardiac sympathetic nerve activity seems to be more closely related to cardiac demands than to sympathetic nerve activity in the rest of the body.
How well does coronary sinus noradrenaline overflow reflect cardiac sympathetic nerve activity? Animal studies have shown a frequency dependent overflow of noradrenaline from the heart during stimulation of the sympathetic cardiac nerves,.."
and correlations between increases in myocardial contractility and noradrenaline overflow.26"' Coronary vasodilatation or mechanical factors associated with myocardial contractions or both may facilitate noradrenaline diffusion into coronary sinus plasma, as has been shown in high frequency pacing.'9 It is, however, unlikely that such a difference in noradrenaline diffusion could explain our pacing results because noradrenaline overflow was highest during fixed rate pacing. Furthermore, blood flow in the coronary sinus was similar in the two pacing modes both at rest and during exercise. Though direct techniques cannot be used in patients to verify that coronary sinus noradrenaline overflow mirrors cardiac sympathetic nerve activity in humans, the Pehrsson, Hjemdahl, Nordlander, Astrom present findings of clear-cut correlations between atrial rates and cardiac noradrenaline overflow in both pacing modes support the contention that coronary sinus noradrenaline overflow does reflect cardiac sympathetic nerve activity.
The exercise induced increases in arterial plasma adrenaline concentrations were considerably smaller than the increases in cardiac noradrenaline overflow. Cardiac sympathetic nerve activity was probably the dominating sympathoadrenal factor influencing cardiac function in the present study, because neurogenic mechanisms usually are more important than circulating catecholamines in the control of heart function7815 and the arterial adrenaline concentrations attained in the present study were low. For example, an increase in arterial plasma adrenaline concentrations to 1-3 nmol/l by intravenous infusion increased the heart rate by only 5 beats/min and stroke volume by 10% in healthy volunteers. The finding that impaired adaptation to exercise during VVI pacing was accompanied by enhanced noradrenaline overflow indicates that VVI pacing at a constant heart rate is associated with enhanced activity of the cardiac sympathetic system. Dopamine release in the heart and circulating adrenaline seem to be less important than cardiac sympathetic nerve activity for the adaptation to exercise under the reported conditions. The enhanced cardiac sympathetic nerve activity during constant rate (VVI) pacing may well have adverse effects on failing or ischaemic hearts and may influence the clinical course of such patients.
